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Objective: Mesenchymal stem cells (MSCs) show unique advantages in cardiomyocyte 
repairment. Exosomes derived from MSCs can enhance the viability of myocardial cells after 
ischemia/reperfusion (I/R) injury and regulate inflammation response. The study was 
designed to ascertain whether MSCs-exo protect the myocardium against I/R injury through 
inhibiting pyroptosis, and the underlying mechanisms.
Methods and Results: Experiments were carried out in H/R and I/R model. Cell viability 
was inhibited and NLRP3 and caspase1 protein levels were upregulated in H/R model. 
However, MSCs could inhibit cell apoptosis and pyroptosis in H/R model. Moreover, we 
used MSCs-exo to treated H/R model, and flow cytometric analysis results showed the 
inhibition function of MSCs-exo on cell apoptosis, and Western blot data suggested that 
NLRP3 and Caspase-1 expressions were downregulated in H/R model. Furthermore, exoso-
mal miR-320b targeted NLRP3 protein, and MSCs-exo OE could inhibit NLRP3 expression 
and pyroptosis in H/R. In addition, the inhibition function of MSCs-exo on pyroptosis also 
was found in I/R model, and HE and Tunel staining also got similar results.
Conclusion: Exosomes derived from mesenchymal stem cells could protect the myocar-
dium against ischemia/reperfusion injury through inhibiting pyroptosis.
Keywords: exosome, mesenchymal stem cells, ischemia/reperfusion injury, pyroptosis, 
miR-320b

Introduction
Myocardial ischemia/reperfusion (I/R) injury refers to the phenomenon that meta-
bolic dysfunction and structural damage are aggravated after myocardial ischemia 
restores blood supply. I/R injury is a clinically common disease, and its pathological 
process is closely related to postoperative complications such as coronary angio-
plasty, coronary revascularization and heart transplantation.1 Studies show that the 
pathogenesis of I/R injury is very complex. Kevin et al find2 that a small amount of 
oxygen free radical (OFR) could be observed in myocardial tissue after ischemia, 
while the rapid increase of OFR occurs several seconds to 1 min after reperfusion. 
Inflammation also exerts main roles in I/R injury. Researches suggested that when I/ 
R injury occurs, vascular endothelial cells can release large amounts of inflamma-
tory factors, such as TNF-α and IL-6.3 Furthermore, myocardial I/R intervention 
reduces the release of inflammatory factors and the expression of inflammatory 
cells,4 which significantly reduce the area of myocardial infarction, but clinical 
trials have not proved it.5 In addition, Calcium overload,6 mPTP opening,7 rapid 
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recovery of physiological pH8 and apoptosis9 are also 
closely related to the development of I/R injury. Our 
study aimed to testify that inhibited pyroptosis has bene-
ficial effects on I/R injury.

Pyroptosis is a new form of programmed cell death 
associated with inflammatory response, mainly mediated 
by Caspase-110 and involved in the development of various 
diseases such as rheumatic diseases,11 neurodegenerative 
diseases,12 infectious diseases,13 tumor, atherosclerosis.14 

The main signaling pathway of pyroptosis is NLRP3 
inflammatory pathway. Previous studies have shown that 
activated NLRP3 binds to ASC and procaspase-1 to form 
NLRP3 inflammasome, and then procaspase-1 is cleaved to 
mature Caspase-1, which activates interleukin 1 interleukin 
18, then initiates and amplifies downstream signaling path-
ways, promotes inflammatory responses, eventually induce 
more cell damage.15,16 It is found that NLRP3 activation is 
time-dependent, involves in inflammatory response and 
promotes injury aggravation in the mouse I/R injury 
model.17 During early reperfusion, activation of Caspase-1 
can induce pyroptosis of cardiomyocytes,18 and knockdown 
of Caspase-1 significantly decreases myocardial infarct 
size.19 So, the reduction in pyroptosis is a key for curing 
I/R injury. We found MSCs-exo could obviously decreased 
pyroptosis.

Exosomes are small vesicles of 30~100 nm in size that 
contain RNA and proteins.20 Valadi et al also find that 
exosomes are multifunctional vesicles that regulate the 
physiological functions of target cells by carrying func-
tional mRNA non-coding RNA.21 Exosomes are produced 
and released in many tissues of human body, such as fat 
stem cells, mesenchymal stem cells (MSCs), tumor cells, 
macrophages and dendritic cells. It is reported that MSC- 
derived exosomes can perform physiological functions 
similar to stem cells, which protect kidney damage, reduce 
myocardial I/R injury and regulate immune system 
function.22 Feng et al23 find that MSCs-exo in myocardial 
infarction of mice model after blood deficit pretreatment 
can reduce myocardial cell apoptosis and reduce the 
degree of cardiac fibrosis. In addition, MSCs-exo signifi-
cantly reduces the degree of cardiac fibrosis and repairs 
cardiac systolic function in the rat model of myocardial 
infarction with anterior descending coronary artery.24

MSCs-exosomes contain a large number of bioactive 
genetic materials, mainly miRNA and mRNA, which 
involve in physiological and pathological processes such 
as organism development, epigenetic regulation, immune 
regulation, tumorigenesis and progression.25 For example, 

miR-16, a miRNA enriched in MSCs-derived exosomes, 
targets vascular endothelial growth factor (VEGF) in vivo 
and in vitro tumors and down-regulates its expression to 
inhibit angiogenesis and tumor progression.26 In addition, 
exosomes have a role in inhibiting pyroptosis.27 We found 
that miR-320b was significantly increased in MSCs-exo, 
and could target NLRP3 protein to inhibit pyroptosis to 
prevent I/R injury.

Materials and Methods
Animals
Seven-week-old male SD rats were obtained from Charles 
River Laboratory Animal Technology Co. Ltd (Beijing, 
China). The rats were anesthetized by intraperitoneally 
injecting 1% pentobarbital sodium (40 mg/kg) to establish 
I/R injury model. All procedures were conformed to the 
Guide for the Care and Use of Laboratory Animal, and all 
rats were housed and cared for according to International 
Animal Care and Use Committee guidelines (IACUC) of 
the Air Force Medical University. The rats were housed in 
12-h light/dark cycle in a temperature-controlled room 
with a free chow and tap water. All experiments in this 
study were approved by the Animal Care Committee of 
the Air Force Medical University (The Fourth Military 
Medical University).

Isolation of Cardiac Cells and Cell 
Culture
Primary cardiomyocytes were isolated and prepared from 
the heart of SD rats. Briefly, the hearts were excised and 
rinsed in Ringer’s solution consisting of 146 mM NaCl, 5 
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 11 mM glucose, 
and 10 mM HEPES. After mincing and incubation in the 
same solution with the addition of 1 mg/mL collagenase 
IA and 0.12% trypsin at 37°C for 30 min, the suspensions 
thus obtained were left to rest without further stirring for 
2–3 min to precipitate the undissociated tissue fragments. 
The supernatant was centrifuged at 400 × g for 10 min for 
the enrichment of viable cells. The cells were transferred 
to DMEM supplemented with 10% fetal calf serum, 
50 U/mL penicillin, and 50 μg/mL streptomycin followed 
by a one-hour preincubation in Petri dishes for at least 
partial purification from the non-myocytic cells.

Primary cardiomyocytes were treated to establish 
Hypoxia/Reoxygenation (H/R) model. Incubate primary 
cardiomyocytes in an airtight and hypoxic jar fitted with 
a catalyst to scavenge free oxygen and induce hypoxia for 
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18 h. Human MSCs (hMSCs, American Type Culture 
Collection, Rockville, MD, USA) were cultured as pre-
viously reported.28 Briefly, MSCs were maintained in 
DMEM medium containing 10% fetal bovine serum, at 
37°C with 5% CO2 in a humidified cell incubator. Primary 
cardiomyocytes between passages 3 and 5 were used for 
the experiments, the passages 3 and 10 of MSCs were used 
for the experiments.

Cell Apoptosis Detection
MSCs cocultured with H/R model followed treated with 
GW4869 for 12 h. Cells were collected and resuspended in 
PBS or medium, centrifugated at 1000 rpm for 5 min. 
Next, 200 μL binding buffer resuspended the sediment 
and blended. Cells were incubated with 5μL Annexin 
V-FITC/PI for 10 min in dark, and centrifugated at 
1000 rpm for 5 min. The sediment was resuspended with 
200 μL binding buffer again followed by added 5 μL PI 
before detection. Samples were detected by Flow 
Cytometric Analysis (Beckman Coulter, CA, USA).

Western Blot
As previously reported,29 cell samples were cracked in 
RIPA lysis buffer plus PMSF on the ice, and total protein 
was measured with protein assay kit (BCA; Santa Cruz, 
California, USA). Equal amounts of total protein were 
separated in SDS-PAGE, and transferred into PVDF mem-
branes (Millipore, USA) and incubated with prepared anti-
bodies. In the end, the bands were visualized with 
enhanced chemiluminescence (ECL, ThermoFisher, MA, 
USA) and quantified by Image J. Antibodies against 
NLRP3, Caspase-1 and GAPDH were purchased from 
Abcam (Cambridge, MA, USA). Antibodies against 
CD9, CD81 and TSG101 were purchased from CST 
(Beverly, Massachusetts, USA).

qPCR
Sample’s total RNA was extracted using mirVana™ 
PARIS™ RNA and Native Protein Purification Kit 
(ThermoFisher, MA, USA) according to the directions. 
TaqMan™ Advanced miRNA cDNA Synthesis Kit was 
used to perform reverse transcriptase reactions, augment, 
and qPCR (ThermoFisher, MA, USA). First, the samples 
were performed the poly(A) tailing reaction, and then per-
formed the adaptor ligation reaction. Next, the miR-Amp 
reaction was performed followed by the reverse transcription 
(RT) reaction carried out. Finally, real-time PCR was per-
formed under the experiment settings and PCR thermal 

cycling conditions (Enzyme activation was at 95°C for 
20 s, 1 cycle; Denature was at 95°C for 1 s and Anneal/ 
Extend was at 60°C for 20 s, 40 cycles). The ΔΔCT method 
was used for quantitative analysis. The quantitative mea-
sures were normalized to U6 mRNA levels.

Isolation of Exosomes from MSCs
The exosomes were isolated from MSCs by ultracentrifu-
gation method. Briefly, when MSCs achieved 70%-80% 
confluency, the culture medium was removed and the cells 
were washed twice with sterile PBS. Then, dilute the 
MSCs with PBS, centrifuge at 2, 000 × g for 30 min, 
and centrifuge at 12, 000 × g for 45 min to remove large 
cell debris and microvesicles. Then, the supernatant was 
ultracentrifuged at 110, 000 × g for 2 h at 4°C to form 
coarse exosome into pellets. The pellet was dissolved in 
PBS, washed twice with PBS and filtered with a 0.2 μm 
filter and then suspended in a defined amount of PBS 
for use.

Identification and Labeling of MSCs-exo
As previously reported,30 transmission electron micro-
scope (TEM) could show purified-MSCs-exo double- 
layer capsule ultrastructure. The average diameter and 
concentration of exosome was measured by nanoparticle 
tracking analysis (NTA). In addition, MSCs-exo were 
labeled using a PKH67 green fluorescent labeling kit 
(Sigma-Aldrich, MO, USA).

HE Staining
Hearts were separated from sham, I/R, I/R+PBS and I/R 
+exosome group. The heart paraffin sections were dewaxed 
and hydrated; and then slices were incubated in hematoxylin 
solution for 15 min followed washed with PBS. Secondly, 
the slices were differentiated, stained by eosin solution for 
15 s. In the end, the slices were dehydrated, transparentized 
and sealed, the images were captured under an optical 
microscope (Olympus, Tokyo, Japan).

Tunel Staining
The heart paraffin sections were dewaxed and hydrated; 
the endogenous peroxidase was inactivated by hydrogen 
peroxide. Next, Tunel test solution labeled sample biotin 
followed incubated with DAB for 20 min, and then the 
slices were incubated in hematoxylin solution for 15 min 
followed washed with PBS. Finally, the slices were dehy-
drated transparentized, sealed and observed under optical 
microscope (Olympus, Tokyo, Japan).
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Luciferase Reporter Assay
The putative binding sites of miR-320b on the NLRP3 3′ 
UTR were predicted by TargetScan7.2 (http://www.targets 
can.org/vert_72/). pMIR-NLRP3 3ʹ-UTR-WT and pMIR- 
NLRP3 3ʹ-UTR-Mut luciferase reporter plasmids were pur-
chased by Hanbio (Shanghai, China). The sequences that 
could bind to miR-320b were partly mutated and inserted 
into the reporter plasmid in order to identify the binding 
specificity. The miR-320b mimic and its control were trans-
fected into cells. After 48 h of transfection, the relative 
luciferase activities of cells were measured by the Dual- 
Glo Luciferase Assay System (Promega, Shanghai, China) 
in accordance with the manufacturer’s introductions. Renilla 
signals were used to normalize luciferase activity.

Cell Apoptosis Assay
Cells were collected, resuspended in cold PBS, centrifu-
gated at 1000 rpm at room temperature for 5–10 min. 
Then, the supernatant was discarded and the sediment 
was resuspended with 300 μL 1×binding buffer in each 
sample. Cells were incubated with 5 μL Annexin V-FITC/ 
PI for 15 min and then incubated with 5 μL PI before 
detection. Eventually, the samples were then detected 

using FACS (Beckman Coulter, CA, USA). Assays and 
FACS analysis were repeated three times.

Statistical Analysis
Data were expressed as mean ± SE. Student’s t-test was 
performed to determine the significance between two groups, 
one-way or two-way ANOVA with Bonferroni post-hoc tests 
for multiple groups, *p< 0.05; **p<0.01; ***p <0.001.

Results
Cell Viability Reduction and Pyroptosis 
Exacerbation in H/R Model
Hypoxia/reoxygenation (H/R) injury model of primary 
cardiomyocytes cultured in vitro is one of the main models 
for myocardial I/R injury.31 In this study, flow cytometric 
analysis data showed that cell apoptosis significantly 
increased in H/R model (Figure 1A and B). Pyroptosis is 
a programmed pro-inflammatory cell death caused by acti-
vation of NLRP3 inflammasomes, which is specific to 
Caspase-1 activation.32,33 As Figure 1C shown, NLRP3 
and Caspase-1 levels were upregulated in H/R model. In 
addition, we also found the levels of IL-18 and IL-1β were 
increased in H/R model (Figure 1D).

Figure 1 Cell viability reduction and pyroptosis exacerbation in H/R model. (A), representative images of flow cytometric analysis. (B), histogram of cell apoptosis. (C), 
relative expression of NLRP3 and Caspase-1 protein. (D), ELISA data of IL-18 and IL-1β. Values are mean ± SE. **P<0.01, ***P<0.001, n=3 per group.
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MSCs Alleviate Pyroptosis in H/R Model
MSCs are highly proliferating, self-renewing cells, which 
exert important roles in the treatment of myocardial 
trauma.34 We cocultured H/R cells with MSCs. Flow cyto-
metric analysis data confirmed MSCs could inhibit cell apop-
tosis in H/R model; however, its function was covered by 
GW4869 (Figure 2A and B). Furthermore, NLRP3 and 
Caspase-1 expression were decreased by MSCs in H/R 
model, but, GW4869 upregulated NLRP3 and Caspase-1 
expression in MSCs cocultured H/R cells (Figure 2C). These 
results indicated that MSCs could alleviate pyroptosis in H/R 
model; however, its molecular mechanisms were unclear.

Exosomes Derived from MSCs Improve 
Pyroptosis in H/R Model
To further explore the specific molecular mechanisms of 
MSCs on pyroptosis, we extracted exosomes from MSCs to 
treat H/R model. Western blot data indicated CDC9, CD81 
and TSG101 expression were significant upregulation in 
MSCs-exo (Figure 3A), and transmission electron microscope 
(TEM) showed exosome double-layer capsule ultrastructure 
(Figure 3B), Nanoparticle Tracking Analysis (NTA) indicated 

that the size of extracted particles is mostly around 100 nm, 
which is in line with the expected exosome characteristics 
(Figure 3C). In addition, PKH67 green fluorescent labeling 
got similar results (Figure 3D). Next, we treated H/R cells with 
MSCs-exo. Our study demonstrated MSCs-exo could 
obviously reduce cell apoptosis (Figure 3E and F), and the 
protein levels of NLRP3, Caspase-1 also were downregulated 
in H/R+ MSCs-exo (Figure 3G). These results demonstrated 
that MSCs-exo exerts a vital function in improving pyroptosis.

NLRP3 is a Target Gene of miR-320b
It has been reported that miRNAs involve in the occurrence 
and development of I/R injury, and play important roles in 
pyroptosis. To explore the molecular mechanism of exo-
somes on H/R injury, we screened miRNAs in H/R cells 
via PCR. Our data showed that miR-320b expression was 
inhibited in H/R model compared to control (Figure 4A). To 
confirm whether miR-320b regulates NLRP3 expression, we 
performed luciferase reporter assay. The luciferase activity 
significantly decreased following co-transfection with 
pMIR-NLRP3-3ʹ-UTR-WT and miR-320b, compared with 
co-transfection with pMIR-NLRP3-3ʹ-UTR-Mut and miR- 
320b, manifested that miR-320b specifically binds to the 

Figure 2 MSCs alleviate pyroptosis in H/R model. MSCs cocultured with H/R model followed treated with GW4869 for 12 h. (A), representative images of flow cytometric 
analysis. (B), histogram of cell apoptosis. (C), relative expression and histogram of NLRP3 and Caspase-1 protein. Values are mean ± SE. *P<0.05, ***P<0.001, n=3 per 
group.
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Figure 3 Exosomes derived from MSCs improve pyroptosis in H/R model. We extracted exosomes (30μg protein/mL medium) from MSCs to treat H/R model. (A), relative 
expression of CD9, CD81 and TSG101 in MSCs-exo and MSCs. (B), representative TEM images of exosomes, scale bar=0.5 μm. (C), representative NTA images of 
exosomes. (D), representative images of PKH67 green fluorescent labeling for exosomes, scale bar=100 μm. (E), representative images of flow cytometric analysis. (F), 
histogram of cell apoptosis. (G), relative expression and histogram of NLRP3 and Caspase-1 protein. Values are mean ± SE. **P<0.01, ***P<0.001, n=3 per group.
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3ʹ-UTR of NLRP3, and regulates the NLRP3 expression 
negatively (Figure 4B and C).

Exosomal miR-320b 
Decreases Pyroptosis
In order to determine the relation of miR-320b and exo-
somes, we extracted exosomes from cardiomyocytes and 
MSCs. We found that miR-320b level was significant 
upregulation in MSCs-exo compared to cardiomyocytes- 
exo (Figure 5A), and MSCs-exo also induced miR-320b 
expression in H/R model (Figure 5B). Moreover, in H/R 
model, MSCs-exo OE could inhibit NLRP3 expression, 
but MSCs-exo KD got completely different results 
(Figure 5C). Likewise, MSCs-exo OE could decrease cell 
apoptosis, and MSCs-exo KD increased cell apoptosis in 
H/R model (Figure 5D). Taken together, we confirmed that 
exosomal miR-320b could rescue H/R though pyroptosis 
inhibition.

Exosomes Reduce Pyroptosis in I/R Injury 
Model
We next examined whether exosomes could make 
a difference for I/R injury and pyroptosis in vivo. 
Western blot results showed MSCs-exo inhibit pyroptosis 
via NLRP3 and Caspase-1 inhibition (Figure 6A and B). In 
addition, Tunel and HE staining also got similar results 
(Figure 6C). These results demonstrated exosomes could 
heal I/R injury through inhibiting pyroptosis in vivo.

Discussion
Our present study yielded several novel findings. First, our 
data indicated that exosomes derived from MSCs could 
produce anti-pyroptosis in H/R model. Secondly, exosomal 
miR-320b could inhibit pyroptosis by negative regulation 
of NLRP3 expression in H/R model. In addition, we found 
that MSCs-exo also could reduce pyroptosis and cure I/R 
injury in vivo. These results not only offer a new angle to 

Figure 4 NLRP3 is a target gene of miR-320b. (A). Relative mRNA levels of control and H/R model. (B and C), luciferase reporter assay was performed at 48 h after 
transfection MCs with luciferase reporter plasmid containing WT or mutant form of NLRP3 3′-UTR along with control mimic or miR-320b mimic. Values are mean ± SE. 
*P<0.05, **P<0.01, ***P<0.001, n=3 per group.
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understand the mechanisms underlying the protective 
effect of exosomes on I/R injury but also verify the func-
tion of exosomal miR-320b that serve as potential anti- 
pyroptosis in I/R injury model.

MSCs are a special type of adult stem cells with the 
potential for proliferation and differentiation, which exist in 
skin, fat, muscle, bone, bone marrow, umbilical cord, umbi-
lical cord blood, placenta and amniotic fluid.35 Previous 
studies have found that MSCs have immunoregulation and 
anti-inflammatory, anti-apoptotic, wound-healing and tissue 
repair functions.36 MSCs are currently used as tools for the 
treatment of joint degenerative changes and the reconstruc-
tion of bone and cartilage for plastic surgery, aesthetic med-
icine, cardiovascular disease, endocrine and neurological 
diseases, and repairment of damaged musculoskeletal 
tissue.37 Studies have been found that MSC could repair I/ 
R injury through multiple pathways such as inflammation. In 
addition, pyroptosis is a new kind of programmed cell death 
characterized by the release of inflammatory cytokines 
(NLRP3, Caspase-1), and involves in the development of I/ 
R injury.17–19 Our study data suggested that though MSCs 
could inhibit cell apoptosis and the expression of NLRP3 and 
caspase1 protein in H/R injury model; however, the effect of 
MSCs was inhibited by GW4869. GW4869 is basically 
a recognized exosome inhibitor in the field and believed to 

inhibit exosome secretion. Could exosomes in MSCs play 
a role?

Recent researches demonstrated that MSCs-exo could pro-
mote the angiogenesis of damaged tissues,26 cell 
proliferation38 and immune regulation.39 And it is reported 
that MSCs-exo could reduce myocardial I/R injury22,23 and 
inhibit inflammatory cytokines expression.40 Recently studies 
suggested that MSCs-exo attenuate myocardial I/R injury 
through miR-182-regulated macrophage polarization.41 

Then, we extracted exosomes from MSCs to treat H/R 
model. Sure enough, MSCs-exo could significantly decrease 
cell apoptosis and expression of pyroptosis-related proteins 
NLRP3 and Caspase-1. Since exosomes are complexes that 
contain proteins, mRNA and miRNA, we did not know 
exactly what is at work. So, based on previous studies, we 
boldly hypothesized that exosomal miRNAs play a role in 
inhibiting pyroptosis and repairing I/R injury.

In order to find the target gene of NLRP3 protein, we then 
performed bioinformatics analysis with miRDB and 
TargetScan. We found that miR-320b was a likely target 
gene of NLRP3. Some studies' results indicate that miR- 
320b exerts a role in numerous diseases’ pathological pro-
cess. The latest research suggests that miR-320b protein was 
over-expression in Chronic obstructive pulmonary disease 
(COPD), which could attenuate the immune response and 

Figure 5 Exosomal miR-320b decrease pyroptosis. MSCs-exo OE or MSCs-exo KD was used to treat H/R model. (A), histogram of miR-320b in cardiomyocytes-exo and 
MSCs-exo. (B), histogram of miR-320b in H/R and H/R+MSCs-exo. (C), relative expression and histogram of NLRP3 protein in H/R, H/R+MSCs-exo OE and H/R+MSCs- 
exo KD. (D), representative images of flow cytometric analysis, and histogram of cell apoptosis. Values are mean ± SE. **P<0.01, ***P<0.001, n=3 per group.
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consequently tissue damage.42 Zhang et al also find that 
NR2F2-AS1 influences cancer cell proliferation, invasion 
and apoptosis through regulating miR-320b targeting.43 In 
addition, miR-320b is significantly down-regulated in sev-
eral cancers including glioblastoma and gastric cancer, exert-
ing a role in tumourigenesis. However, it was unclear about 
the relationship miR-320b and inflammation. Our study data 
indicated that miR-320b specifically binds to the 3ʹ-UTR of 
NLRP3, and regulates the NLRP3 expression negatively. 
Furthermore, miR-320b was higher in MSCs-exo than car-
diomyocytes-exo, and MSCs-exo also induced miR-320b 
expression in H/R model. And exo-OE could significantly 
inhibit pyroptosis. What is more, MSCs-exo also could 
reduce pyroptosis and repair I/R injury in vivo.

In summary, exosomal miR-320b protected the myo-
cardium against I/R injury through inhibiting pyroptosis- 

related protein NLRP3 and Caspase-1. Our research 
results provided a new idea for the future treatment of 
I/R injury.

Disclosure
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